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Numerical solutionAn analysis is carried out to study the generalized slip condition and MHD flow of a nanofluid due to a
contracting cylinder in the presence of non-linear radiative heat transfer using Buongiorno’s model.
The Navier-Stokes along with energy and nanoparticle concentration equations is transformed to highly
nonlinear ordinary differential equations using similarity transformations. These similar differential
equations are then solved numerically by employing a shooting technique with Runge–Kutta–Fehlberg
method. Dual solutions exist for a particular range of the unsteadiness parameter. The physical influence
of the several important fluid parameters on the flow velocity, temperature and nanoparticle volume
fraction is discussed and shown through graphs and table in detail. The present study indicates that as
increase of Brownian motion parameter and slip velocity is to decrease the nanoparticle volume fraction.
 2016 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
The characteristics of flow and heat transfer in a boundary layer
caused by shrinking surface occurs frequently in many manufac-
turing processes in industry including extraction of polymer and
rubber sheet, cooling of metallic plates, wire drawing, glass-
blowing, hot rolling and crystal growing, etc. Micklavcic and Wang
[1] were the first to investigate the viscous flow due to shrinking
sheet and found an exact closed form solution. Later, different fluid
flows past a shrinking sheet under different physical aspects were
investigated by Fang [2], Javed et al. [3], Turkyilmazoglu [4], Abbas
et al. [5], Saleh et al. [6] and many references therein. Although less
attention was given to steady/unsteady flow due to stretching/
shrinking cylinder. At first Lok and Pop [7] discussed the steady
and incompressible flow of viscous fluid due to shrinking circular
cylinder near stagnation point with suction and found a triple solu-
tion. Fang et al. [8] demonstrated the unsteady viscous flow over
an expanding stretching cylinder. The unsteady viscous flow on
the surface of an expanding/contracting cylinder was investigated
by Fang et al. [9]. Using numerical technique, Zaimi et al. [10]
solved unsteady viscous flow problem over a shrinking cylinder
including mass transfer. Abbas et al. [11] considered unsteady lam-
inar flow of viscous fluid over a permeable stretching/shrinkingcylinder with partial slip boundary condition and heat transfer
analysis was also carried out.
The literature related to nanotechnology is continuously
increasing due to its large array of applications in many technolog-
ical purposes. Some fluids like water, oil, grease and ethylene gly-
col are weak heat conductors however the thermal conductivity of
these fluids possesses considerable influence on heat transfer. To
improve the thermal conductivity of such fluids Choi [12] intro-
duced nano-scale particles which are suspended in the fluid. Choi
et al. [13] stated that with the addition of less than 1% (by volume)
of nanoparticles to base fluids improved the thermal conductivity
of the fluids nearly two times. Buongiorno [14] studied the convec-
tive transport in nanofluids by considering seven mechanisms like,
inertia, Magnus effect, fluid drainage, Brownian diffusion, ther-
mophoresis, diffusiophoresis and gravity settling. He concluded
by this study that in the absence of turbulent effects, Brownian dif-
fusion and thermophoresis will be important. Therefore, he devel-
oped conservation equations which are depending on both of these
two effects. Keznetsov and Nield [15] described natural convective
boundary layer flow of a nanofluid over a vertical plate. In another
paper, Keznetsov and Nield [16] examined double-diffusive natural
convective boundary layer flow of a nanofluid over a vertical plate.
Rohni et al. [17] investigated the unsteady flow of nanofluid due to
shrinking sheet subject to mass transfer (suction). Rosca and Pop
[18] discussed the effects of Brownian motion and thermophoresis
on unsteady boundary layer flow of nanofluid over a moving
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leading edge accretion/ablation. Nandy and Pop [19] numerically
solved the steady two-dimensional nanofluid flow problem over
a shrinking sheet with magnetic and thermal radiation effects
using Buongiorno model. Zaimi et al. [20] found the dual solutions
for unsteady flow and heat transfer of a nanofluid due to contract-
ing cylinder using Buongiorno mathematical model.
The relative velocity of the fluid and boundary is zero in no slip
flow whereas the flow velocity is non-zero at the solid surface in
slip flow. A lot of situations occur when fluid is made up of separate
suspended particles such as foams and polymers, emulsion suspen-
sionswhere slip condition arises. Navier [21] andMaxwell [22] ana-
lyzed the linear slip boundary condition where the amount of
relative slip is proportional to local shear stress however the con-
stant of proportionality is termed as slip length. Both analytical
and numerical solutions of Navier-Stokes equations over a stretch-
ing surface with partial slip were presented by Wang [23]. Influ-
enced by molecular dynamical simulations, Thompson and Troian
[24] considered slip length as a function of shear stress (generalized
slip boundary condition). Mathews and Hill [25] examined the non-
linear Navier boundary condition (generalized slip boundary condi-
tion) for the Newtonian flow. Sajid et al. [26] obtained a numerical
solution for both planar and axisymmetric flows with general slip
boundary condition. Considering both planar and axisymmetric
sheets Abbas et al. [27] discussed the steady viscous fluid flow
and heat transfer past a stretching/shrinking sheet in the vicinity
of stagnation point with generalized velocity slip boundary slip
condition. Recently, in another study, Abbas et al. [28] described
the effects of homogeneous-heterogeneous reactions on MHD vis-
cous fluid over a stretching/shrinking sheet along with generalized
slip condition and uniform suction near the stagnation point.
Electrically conducting fluids with radiative heat effects are
incorporated in several practical applications. Solar power technol-
ogy, space vehicle re-entry, electric power generator, nuclear waste
disposal are some examples of such situations. Siegel and Howel
[29] discussed the thermal radiation heat transfer. Mukhopadhyay
et al. [30] studied the effects of thermal radiation on steady bound-
ary layer flow past a permeable moving plate. Mahmoud [31] con-
sidered the MHD viscous fluid flow due to non-isothermal
stretching surface in slip flow region with thermal radiation. Vari-
ous boundary layer flows under the influence of thermal radiation
in the linearized Rosseland approximation was discussed by Mag-
yari and Pantokratoras [32]. Pantokratoras [33] considered both
linear and non-linear Rosseland thermal radiation to study natural
convection along a vertical isothermal plate. Mushtaq et al. [34]
presented the non-linear radiative effects on viscous nanofluid
due to solar energy. Recently Abbas et al. [35] studied the effects
of Hall current on viscous fluid past a semi-porous curved channel
with non-linear radiative heat transfer.Fig. 1. Physical model and coordinate system.The main aim of this study is to investigate the unsteady flow of
electrically conducting nanofluid over a contracting cylinder with
generalized slip boundary condition using Buongiorno model. Heat
transfer analysis with non-linear Rosseland thermal radiation is
also discussed. Using numerical technique, dual solutions of non-
linear equations are obtained for momentum, temperature and
concentration profiles.
Flow equations
We consider an unsteady, two-dimensional and incompressible
flow of a nanofluid fluid over an infinite contracting cylinder as
shown in Fig. 1. The cylinder is also shrunk in the z-axis which is
taken along the axis of cylinder and r-axis in radial direction. The
radius of the cylinder is also assumed to be a function of time with
unsteady radius and is given by
aðtÞ ¼ a0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 bt
q
; ð1Þ
where a0 is a positive constant, b is a constant of expansion/contrac-
tion strength and t is the time. The fluid is considered to be electri-
cally conducting and a time dependent magnetic field of strength
BðtÞ is applied in the r-direction and perpendicular to z-direction.
The effects of induced magnetic field can be neglected by taking
the magnetic Reynold number to be very small. We also assumed
that temperature Tw at the wall of the cylinder and the surface
nanoparticle volume fraction Cw are constant, while T1 and C1
are the constant temperature and nanoparticle volume fraction far
from the wall of the cylinder, respectively, with Tw > T1. Under
the above assumptions and in the presence of body force, the gov-
erning equations for the unsteady nanofluid following the conserva-
tion of mass, momentum, energy and the nanoparticle volume
friction in the vector notation are [20]:
r  V ¼ 0; ð2Þ
@V
@t
þ V  rV ¼  1
q
rpþ mr2V þ J B; ð3Þ
@T
@t
þ V  rT ¼ ar2T þ s½DBrT  rC þ ðDT=T1ÞrT  rT  r  qr;
ð4Þ
@C
@t
þ V  rC ¼ DBr2C þ ðDT=T1Þr2T; ð5Þ
where V is the velocity vector, q is the density of the fluid, m is the
kinematic viscosity, p is the pressure, J is the current density, T is
the temperature, C is the nano-particle volume fraction, a is the
thermal diffusivity of the nanofluid, s ¼ qcp
 
= qcp
 
f is the ratio
between the effective heat capacity of the nanoparticle material
and heat capacity of the fluid, cp is the specific heat at constant
pressure, DB is the Brownian diffusion coefficient, DT is the ther-
mophoretic diffusion coefficient and qr is the radiative heat flux.
The cylindrical coordinate system ðr; h; zÞ is used to formulate the
flow equations, the velocity is assumed to be independent of h
and azimuthal component is vanished due to an axisymmetric flow.
For the present study, the velocity, temperature and concentration
fields are defined as
1
r
@ðruÞ
@r
þ @w
@z
¼ 0; ð6Þ
@u
@t
þ u @u
@r
þw @u
@z
¼  1
q
@p
@r
þ m @
2u
@r2
þ 1
r
@u
@r
þ @
2u
@z2
 u
r2
 !
; ð7Þ
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where and r are the cylindrical polar coordinates measured in axial
and radial directions, respectively, u and w are the velocity compo-
nents in the r- and z-directions, respectively. Here the magnetic
field is assumed to be of the form
BðtÞ ¼ B0
ð1 btÞ1=2
;
where B0 is the constant magnetic field.
The general slip boundary condition is given by the following
relation [24]:
wt ¼ að1 bswÞ
1
2sw; ð11Þ
in which a corresponds to Navier’s constant slip length, b is the
reciprocal of some critical shear rate, wt is the tangential velocity
and sw is the shear stress at the wall.
The relevant boundary conditions for the present problem are
t < 0 : u ¼ w ¼ 0; T ¼ T1; C ¼ C1 for all r; z
u ¼ 0; w ¼  1
a20
4mz
1 bt þ a
 1 bðzÞ @w
@r
 12 @w
@r
;
T ¼ Tw; DB @C
@r
þ DT
T1
@T
@r
at r ¼ aðtÞ;
w! 0; T ! T1; C ! C1 as r !1; ð12Þ
where a0 has the dimension of (length) and b has the dimension of
ðtimeÞ1.
The radiative heat flux qr expressed in Eq. (9) is given by the
Rosseland approximation (see [33]):
qr ¼ 
4r
3k
@T
@r
¼ 16r

3k
T3
@T
@r
; ð13Þ
where r is the Stefan Boltzmann constant and k is the mean
absorption constant. Eq. (13) shows that the energy equation is
highly nonlinear in T and its solution is very difficult. Previously this
problem is studied by many authors by assuming small tempera-
ture differences within the flow and Rosseland approximation
expression can be linearized about ambient temperature T1. In this
case, we replace simply T3 in Eq. (13) with T31. However, if we con-
sider the radiative heat flux in Eq. (9) is highly nonlinear radiative
expression which is the content of this study. Then the energy equa-
tion for nonlinear thermal radiation will be:
@T
@t
þu@T
@r
þw@T
@z
¼1
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@
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aþ16r
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 2" #" #
:
ð14ÞThe governing flow equations can be reduced into set of
ordinary differential equations with the following similarity
transformations
u ¼  1
a2
0
2mﬃﬃﬃﬃﬃﬃﬃ
1bt
p f ðgÞﬃﬃ
g
p ; w ¼ 1
a2
0
4mz
1bt f
0ðgÞ;
hðgÞ ¼ TT1TwT1 ; /ðgÞ ¼ CC1CfC1 ; g ¼
r
a0
 2
1
1bt
ð15Þ
with T ¼ T1½1þ ðhw  1Þh and hw ¼ Tw=T1 is temperature ratio
parameter with Tw > T1.
With the help of Eq. (15), the continuity equation is satisfied
automatically and Eqs. (8), (10) and (14) reduce to
gf 000 þ f 00 þ ff 00  f 02  Sðgf 00 þ f 0Þ Mf 0 ¼ 0; ð16Þ
1
Pr
ð1þRdð1þ ðhw  1ÞhÞ3Þgh0
h i0
þ fh0  Sgh0 þg½Nbh0/0 þNth02 ¼ 0;
ð17Þ
g/00 þ /0 þ Leðf/0  Sg/0Þ þ Nt
Nb
ðgh00 þ h0Þ ¼ 0; ð18Þ
subject to the boundary conditions
f ð1Þ ¼ 0; f 0ð1Þ ¼ 1þ að1 bðzÞf 00ð1ÞÞ1=2f 00ð1Þ;
hð1Þ ¼ 1; Nb/0ð1Þ þ Nth0ð1Þ ¼ 0;
f 0ðgÞ ! 0; hðgÞ ! 0; /ðgÞ ! 0 as g!1:
ð19Þ
Here prime denotes differentiation with respect to g, S ¼ a20b=4m
is the unsteadiness parameter, M ¼ ra20B20=4qm is the magnetic
parameter, Pr ¼ m=a is the Prandtl, Le ¼ m=DB is the Lewis number,
Nb ¼ sDBðCw  C1Þ=m is the Brownian motion parameter,
Nt ¼ sDTðTw  T1Þ=mT1 is the thermophoresis parameter and
Rd ¼ 16rT31=3kk is the radiation parameter. Furthermore, the
constant S is the unsteadiness parameter for a contracting cylinder,
shows the strength of the contraction. The Brownian-motion
parameter Nb can be determined as the random drifting of sus-
pended nanoparticles and the thermophoresis parameter Nt shows
the migration of the nanoparticles due to imposed temperature
gradient across the fluid. For hot wall, due to pushing back the sub-
micron size particles, the thermophoresis inclines to blow
nanoparticles volume fraction boundary layer away from the
boundary [20]. It is also noticed that by taking hw ¼ 1 in Eq. (18)
we recovered the classical energy equation with linearized thermal
radiation which is already discussed by Magyari and Pantokratoras
[32] in detail.
In Eq. (22) a and b are the dimensionless velocity slip parameter
and the dimensionless critical shear rate, which are defined as
a ¼ 2a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 bt
p ; bðzÞ ¼ bðzÞ 8mz
a20ð1 btÞ
3=2 ð20Þ
Following Aziz [36], a and bðzÞmust be constant and should not
a function of variables z and t, therefore we assume
a ¼ a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 bt
q
; bðzÞ ¼ bð1
btÞ3=2
z
here a and b are constants, a ¼ a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 bt
p
is the velocity slip length
which is change with time and a is the initial value of velocity slip
parameter and has dimension ðvelocityÞ1. Using above values of a
and bðzÞ in Eq. (23), we have
a ¼ 2a; b ¼ 8bm
a20
:
Once the velocity of the fluid is obtained, the pressure can be
determined from Eq. (7) as
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q
¼ constþ m @u
@r
þ u
r
 
 1
2
u2 þ @u
@t
dr: ð21Þ
The physical quantities of interest are the skin friction coeffi-
cient Cf and Nusselt number Nux and the Sherwood number Shx,
which are defined as
Cf ¼ swqw2w=2
; Nux ¼ aðtÞqw2kðTw  T1Þ ; ; Shx ¼
aðtÞqm
2DBðCw  C1Þ : ð22Þ
The shear stress sw, the heat flux qw and the mass flux qm at the
wall are given by
sw ¼ l @w
@r
 
r¼a
¼ 1
a30
8mlz
1 bt f
00ð1Þ;
qw ¼ k
@T
@r
 
r¼a
þ ðqrÞw ¼ 
2kðTw  T1Þð1þ Rdh3wÞh0ð1Þ
a0ð1 btÞ1=2
;
qm ¼ DB
@C
@r
 
r¼a
¼ 2DBðCw  C1Þ/
0ð1Þ
a0ð1 btÞ1=2
:
ð23Þ
Using Eqs. (15) and (24), from Eq. (23) we get
Cf z=a ¼ f 00ð1Þ; ;Nux ¼ ð1þ Rdh3wÞh0ð1Þ; ; Shx ¼ /0ð1Þ: ð24ÞNumerical solution
Shooting method along with fourth order Runge-Kutta method
is employed to solve the non-linear ordinary differential equations
(16)-(18) with the boundary conditions (20). For this method, we
have to convert our system of equations into first order initial
value problem by defining:
f ¼ y1; f 0 ¼ y01 ¼ y2; f 00 ¼ y02 ¼ y3; ð25Þy03 ¼ ðSðgy3  y2Þ þ ðy2Þ2  y1y3  y3 þMy2Þ=g; ð26Þh ¼ y4; h0 ¼ y04 ¼ y5; ð27Þy05 ¼
1
gð1þRdð1þðhw1Þy4Þ3Þ
3gRdð1þðhw1Þy4Þ2ðhw1Þy5y5
 1þRdð1þðhw1Þy4Þ3
 
y5
Pry1y5þSPrgy5g Nby7y5þNty5y5ð Þ
0
BB@
1
CCA;
ð28Þ/ ¼ y6; /0 ¼ y06 ¼ y7; ð29ÞFig. 2. Variation of the skin friction coefficient f 00ð1Þ with S when a ¼ b ¼ 0 and
M ¼ 0 for shrinking contracting cylinder.y07 ¼
1
g
y7Leðy1y7Sgy7Þ
 NtNb
g 1
gð1þRdð1þðhw1Þy4Þ3Þ
3gRdð1þðhw1Þy4Þ2ðhw1Þy5y5
ð1þRdð1þðhw1Þy4Þ3Þy5Pry1y5
þSPrgy5g Nby7y5þNty5y5ð Þ
0
B@
1
CA
0
B@
1
CA
þy5
0
BBB@
1
CCCA
2
6666664
3
7777775
;
ð30Þ
with boundary conditions
f ð1Þ ¼ y1ð1Þ ¼ 0; f 0ð1Þ ¼ y2ð1Þ ¼ 1þ a½1 by3ð1Þ1=2y3ð1Þ;
f 00ð1Þ ¼ y3 ¼ u1;
hð1Þ ¼ y4ð1Þ ¼ 1; h0ð1Þ ¼ y5ð1Þ ¼ u2;
/ð1Þ ¼ y6ð1Þ ¼ 1; /0ð1Þ ¼ y7ð1Þ ¼ u3:
ð31Þ
Now by using Runge-Kutta method, the solution of given initial
value problems (IVPs) is obtained. To find the better approximation
for the solutions the values of initial guesses or missing conditions
are adjusted.Results and discussion
Numerical solutions of the non-linear boundary value problem
consisting of Eqs. (16)-(18) along with boundary conditions (20)
are computed using Runge-Kutta-Fehlberg method with shooting
technique. The physical significant of various parameters of inter-
est, for example, unsteadiness parameter S, magnetic parameterM,
velocity slip parameter a, critical shear rate b, Prandtl number Pr,
Lewis number Le, Brownian motion parameter Nb, thermophoresis
parameter Nt and radiation parameter Rd on the fluid velocity,
temperature profile and nanoparticle volume fraction as well as
on the skin friction coefficient, the rate of heat transfer and the
Sherwood number at the wall are analyzed and shown graphically
in Figs. 2–14. In this analysis, dual solutions are obtained for some
specific values of unsteadiness parameter by setting different ini-
tial guesses for the missing value of f 00ð1Þ, h0ð1Þ and /0ð1Þ in which
all the profiles of velocity, temperature and nanoparticle volume
fraction, satisfy the boundary condition at infinity asymptotically
with various shapes and boundary layer thickness according to
the values of parameters. The iteration process is repeated until
the accuracy up to 1010 is achieved. To show the validity and
accuracy of the present method, the comparison of the present
results with the existing numerical results is given in Table 1 and
found to be in excellent agreement.
Fig. 2 illustrates the variation of the skin friction coefficient in
term of f 00ð1Þ versus the unsteadiness parameter S. It is evident
from this figure that the dual solution exists for the skin friction
coefficient f 00ð1Þ for some values of unsteadiness parameter S, i.e.
for S < Sc (Sc < 0 is the critical values of S) and no solution exists
for S > Sc (as mentioned by Zaimi et al. [20]). It is also important
to mention that the first solution is stable and realizable physically,
while the second solution is not which is already reported by Zaimi
et al. [20]. From this figure it is also noted that the present results
are found to be in good agreement with the result of Zaimi et al.
[20] in the case of impermeable stretching cylinder with no slip
condition at the surface a ¼ 0. Fig. 3 presents the variation of the
skin friction coefficient in term of f 00ð1Þ versus the magnetic param-
eterM for different values of velocity slip parameter a. It is noticed
from this figure that the dual solutions exist for the skin-friction
coefficient f 00ð1Þ for value of unsteadiness parameter S ¼ 1.
Fig. 4 gives the variation in the local Nusselt number h0ð1Þ versus
the Prandtl number Pr for several values of radiation parameter Rd.
We can see from this figure that the dual solution also exists in the
case of thermal boundary layer and increasing of Rd is to decrease
the absolute values of the Nusselt number. Fig. 5 is plotted to ana-
lyze the change in the Sherwood number /0ð1Þ against the Lewis
Fig. 3. Variation of the skin friction coefficient f 00ð1Þwith magnetic parameterM for
different values of a when b ¼ 0:2 and S ¼ 1:.
Fig. 4. Variation of the Nusselt number h0 ð1Þ with Pr for different values of Rd
when a ¼ 0:1, b ¼ 0:2; hw ¼ 1:2, S ¼ 1, Nt ¼ 0:5, Nb ¼ 0:5 and Le ¼ 1.
Fig. 5. Variation of the Sherwood number /0ð1Þ with Le for different values of Nt
when a ¼ 0:1, b ¼ 0:2, Rd ¼ 1, Pr ¼ 7, S ¼ 1, hw ¼ 1:2 and Nb ¼ 0:5.
Fig. 6. Variation of the velocity slip parameter a on the velocity profiles f 0ðgÞ when
b ¼ 0:5, M ¼ 3 and S ¼ 2.
Fig. 7. Variation of the critical shear rate b on the velocity profiles f 0ðgÞwhen a ¼ 1,
M ¼ 3 and S ¼ 2.
Fig. 8. Variation of the magnetic parameter M on the velocity profiles f 0ðgÞ when
a ¼ 1, b ¼ 0:5 and S ¼ 2.
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absolute values of the Sherwood number are increased with an
increase in the thermophoresis parameter.
The effect of the velocity slip parameter a on the fluid velocity
f 0ðgÞ when b ¼ 0:5;M ¼ 3 and S ¼ 2 are fixed is shown in Fig. 6.
From this figure one can see that the fluid velocity f 0ðgÞ is obtained
in the form of first solution and second solution. It is also obviousfrom this figure that the increasing of velocity slip parameter is to
decrease the absolute vales of fluid velocity as well as the bound-
ary layer thickness, and it is also decreased for second solution
except in a region near the boundary of the cylinder. Fig. 7 eluci-
dates the change in the fluid velocity f 0ðgÞ for different values of
the critical shear rate b. It can be noticed that the fluid velocity
increases as b increases in the momentum boundary layer for first
Fig. 9. Variation of the velocity slip parameter a on temperature profiles hðgÞ when
b ¼ 0:5, M ¼ 2:5, S ¼ 2, hw ¼ 1:5, Pr ¼ 7, Rd ¼ 1, Nt ¼ 0:5, Nb ¼ 0:5 and Le ¼ 1.
Fig. 10. Variation of the radiation parameter Rd on temperature profiles hðgÞ when
a ¼ 0:5, b ¼ 0:3, M ¼ 1, S ¼ 1:5, hw ¼ 1:2, Pr ¼ 7, Nt ¼ 0:5, Nb ¼ 0:5 and Le ¼ 1.
Fig. 11. Variation of Brownian motion parameter Nb on temperature profiles hðgÞ
when a ¼ 0:5, b ¼ 0:3, M ¼ 1, S ¼ 1:5, Pr ¼ 7, Rd ¼ 1, hw ¼ 1:2, Nt ¼ 0:5 and
Le ¼ 1.
Fig. 12. Variation of velocity slip parameter a on concentration profiles /ðgÞ when
b ¼ 0:3, M ¼ 0:5, S ¼ 2, Pr ¼ 7, Rd ¼ 1, hw ¼ 1:5, Nb ¼ 0:5, Nt ¼ 0:5 and Le ¼ 1.
Fig. 13. Variation of the radiation parameter Rd on concentration profiles /ðgÞ
when a ¼ 1, b ¼ 0:3, M ¼ 0:5, S ¼ 2, Pr ¼ 7, hw ¼ 1:5, Nb ¼ 0:5, Nt ¼ 0:5 and
Le ¼ 1.
Fig. 14. Variation of Brownian motion parameter Nb on concentration profiles /ðgÞ
when a ¼ 1, b ¼ 0:3, M ¼ 0:5, S ¼ 2, Pr ¼ 7, hw ¼ 1:5, Rd ¼ 1, Nt ¼ 0:5 and Le ¼ 1.
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observed for second solution. Fig. 8 presents the dual solutions
for the fluid velocity f 0ðgÞ for several values of the magnetic param-
eter M by keeping a ¼ 0:5; b ¼ 0:3 and S ¼ 1:5 fixed. It is found
from this figure that the momentum boundary layer thickness
decreases with an increase in applied magnetic field. The reason
is due to the fact that the magnetic field is applied normal to theflow direction and has an inclination to produce a drag as a result
of Lorentz force and thus results in reduction of boundary layer
thickness, while for second solution an opposite trend is noted
and the fluid velocity is damped near the surface due to shrinking
of the contracting cylinder.
Fig. 9 illustrates the influence of the velocity slip parameter a on
the temperature profile hðgÞ. It is evident from this figure that the
Table 1
Numerical values of the skin-friction coefficient f 00ð1Þ in the case of stretching cylinder
f 0ð1Þ ¼ 1 for various values of a when S ¼ 0, M ¼ 0 and b ¼ 0.
a Wang and Ng [37] Ishak et al. [38] Present result
0 1.1778 1.17810 1.7860
0.1 1.0116 1.068
0.5 0.6638 0.664
1 0.4739 0.4743
2 0.3070 0.3073
5 0.1532 0.1534
10 0.0848 0.0850
20 0.4536
30 0.0310
50 0.0210
1086 Z. Abbas et al. / Results in Physics 6 (2016) 1080–1087increasingof velocity slip parametera is to increase the temperature
of the fluid as well as the thermal boundary layer thickness. Fig. 10
displays the dual solution for the temperature profile hðgÞ for differ-
ent values of the radiation parameter Rdwith other parameters are
fixed. As expected, one can see fromthis figure that both the temper-
ature and thermal boundary layer thickness are increased when we
increase the values of radiation parameter Rd. Fig. 11 gives the effect
of the Brownianmotion parameter Nb on the temperature distribu-
tion hðgÞwhen all other fluid parameters are fixed. It is evident from
this figure that the temperature distribution and thermal boundary
layer thickness are decreased by increasing the values of Nb.
The change in the nanoparticle concentration fields /ðgÞ for dif-
ferent values of the velocity slip parameter a is shown in Fig. 12
keeping other fluid parameters fixed. From this figure we can
notice that the nanoparticle concentration field and its related
boundary layer thickness decreases by increasing the values of
velocity slip parameter. The influence of the thermal radiation
parameter Rd on the nanoparticle concentration field is displayed
in Fig. 13. From this figure it is noticed that the nanoparticle con-
centration field increases in the boundary layer when we increase
the thermal radiation parameter Rd. Fig. 14 illustrates the variation
of Brownian motion parameter Nb on the nanoparticle concentra-
tion profile /ðgÞ in case of generalized slip flow by keeping the
other parameters fixed. It is observed from this figure that the
increasing of Brownian motion parameter is to decrease the
nanoparticle concentration field /ðgÞ and concentration boundary
layer thickness, and results the absolute value of the concentration
gradient at the boundary decreases.
Table 1 is presented to show numerical values of the skin-
friction coefficient f 00ð1Þ in the case of impermeable stretching
cylinder f 0ð1Þ ¼ 1 for several values of velocity slip parameter a
when S ¼ 0, M ¼ 0 and b ¼ 0. It is found from this table that
increasing the velocity slip parameter a is to decrease the magni-
tude of reduced skin friction coefficient. It is also evident that the
obtained numerical results are to be found in an excellent agree-
ment with those reported by Wang [37] and Ishak et al. [38] for
steady flow over a stretching cylinder f 0ð1Þ ¼ 1 and shows the
validity and accuracy of the present numerical method.Conclusion
The unsteady flow of an electrically conducting nanofluid due to
a contracting cylinder using Buongiorno’s model with nonlinear
radiative heat transfer and generalized slip condition is investi-
gated. The similar solution of resultant nonlinear equations is
obtained numerically using Runge-Kutta-Fehlberg method with
shooting technique. The effect of the several involving parameters
on the flow velocity, temperature and nanoparticle volume frac-
tion, the skin-friction coefficient, Nusselt number and Sherwood
number are discussed and presented through graphs. Following
conclusions can be drawn from this study: Dual solutions are obtained for different pertinent parameters.
 The velocity profile is the increasing function of both velocity
slip parameter a and critical shear rate parameter b for first
solution.
 For large values of magnetic parameter M, f 0ðgÞ increases for
first solution whereas decreases for second solution.
 The temperature profile increases with an increase in radiation
parameter Rd and slip parameter a. While decreases with Brow-
nian motion parameter Nb.
 The concentration profile decreases as Brownian motion param-
eter Nb and slip parameter a increases.References
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